This report presents a mechanical loading experiment utilizing a microelectromechanical system microinstrument in which we stretched a 150 nm diameter n-type silicon fiber above 1% strain at room temperature and measured the longitudinal piezoresistive effect. The piezoresistive effect at these strains has not been measured. Piezoresistive coefficients up to the third order are required to fit the 0% to 1% strain measurement data with high statistical confidence. Our first-order coefficient matches results that are published in literature. However, compared with published second-order piezoresistive coefficients, the highest-order coefficient available, our result differs in magnitude and sign. Our analysis suggests that previously published second-order piezoresistive coefficients are not reliable due to limited data measured at small strain values ͑Ͻ0.1%͒, where the second-order piezoresistive effect is small.
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Material characterization of microscale and nanoscale silicon samples is important because this material is the prevalent substrate in microelectromechanical systems ͑MEMS͒ and has a strong potential to be the structural substrate for nanoelectromechanical systems. Studying the properties of silicon at high strain has been difficult because surface imperfections initiate fractures at low strain. 1 Recently, micromachining technology has been used to miniaturize these silicon test samples, 2 which then exhibit higher fracture strength. 3, 4 The difficulties in mechanically coupling these microscale samples to macroloading machines have impeded thorough characterization of their material properties. We used a micromachining technique to fabricate a microloading device that addresses these issues, and we have designed the machine to measure the electrical and mechanical properties of submicron diameter silicon samples under an applied load. This article reports the use of a microinstrument to investigate the piezoresistivity of submicron diameter silicon fibers at strains of up to 1% at room temperature. The characterization of this microinstrument is presented elsewhere. 5 Here, we present the analysis of the piezoresistance data.
The microinstrument that was used to perform the microloading experiment consists of an approximately 150 nm diameter 150 m long silicon fiber sample, with one end anchored to the substrate and the other end attached to a suspended MEMS actuator and support structure. Figure 1 shows two scanning electron microscopy ͑SEM͒ images of the main components of the microinstrument. The actuator structure is used to apply tensile stress to the submicron silicon fiber and to complete the electrical circuit used to measure the resistance of the fiber. The loading device-a micromachined actuator-and the silicon sample ͑submicron silicon fiber͒ are fabricated from one single-crystal silicon substrate without any assembly. The supports for the fiber are ''carved'' from a single crystal, so the supports have the electrical and mechanical properties of a continuous sample of single-crystal silicon.
The fiber is silicon oriented along the ͓110͔ direction. Electron diffraction imaging has shown that these fibers remain single crystalline after fabrication, 6 and low-energy electron energy loss spectroscopy studies suggest that these fibers show bulk silicon characteristics for diameters greater than 30 nm. 6 The resistivity of the silicon fiber is 0.6 m⍀ cm ͑n doped, with 2ϫ10 20 cm Ϫ3 of phosphorus͒. 7 The electrostatic microactuator is a commonly used micromachine 8 designed to provide a pulling force of 25 N at 50 V that generates a tensile stress of approximately 1.4 GPa for a 150 nm diameter fiber. The high displacement resolution required to measure the small elongation ͑strain͒ of the silicon fiber while under tension is provided by a laser interferometry system with approximately a 4 nm displacement precision. 5 To obtain piezoresistance data, we apply a voltage ͑a 3 Hz sinusoidal wave, a low-frequency input relative to the mechanical resonances of the actuator system of 21 kHz and 4.5 kHz, with and without the silicon fiber, respectively͒ across the electrostatic microactuator. The elongation of the silicon fiber is measured using a laser interferometry system. The resistance of the fiber is monitored by passing a constant current of 100 nA through the silicon fiber and measuring the voltage across the fiber. The resistive heating effect from the constant current is negligible in the silicon fiber compared to the estimated heat radiated as a black body at room temperature. No observable difference is found in the resistance mea- surement using constant currents of up to 500 nA. All experiments presented here are performed at room temperature with the microinstrument inside a light-tight box to avoid electron-hole pairs generated by light illumination of the exposed silicon fiber. Figure 2 shows the n-type, ͓110͔ oriented, silicon longitudinal piezoresistance data obtained from the measurement of the fractional change of resistance of the fiber and its elongation at different tensile loads provided by the microactuator. Included in Fig. 2 for comparison is a set of data from Matsuda et al., 9 who provided the highest strain in piezoresistance measurement ͑0%-0.1% strain͒ published to date. The current result includes strains from 0% to 1%, extending the experimental results to a much higher strain and into the nonlinear region.
We summarize our nonlinear piezoresistance data using piezoresistance coefficients defined by Eq. ͑1͒, which are commonly used in literature
where T is the applied stress, i l is the ith order longitudinal piezoresistance coefficient, and is the resistivity of the fiber. To relate this definition with our resistance measurement, we use the following equation:
where R is the resistance, u is the strain, and w and h are the Poisson ratios of the two Cartesian axes perpendicular to the ͓110͔ silicon orientation. This is a derivation based on the relationship between resistance and resistivity, Rϭ(ϫlength of silicon fiber/cross-sectional area͒, and recognizing that the geometric change in the cross-sectional area is related to the elongation of the fiber by the Poisson ratio. The stress T is related to strain u by Young's modulus of ͓110͔-oriented silicon, which is 170 GPa. 10, 11 We fitted the data in Fig. 2 with a polynomial of strain using a linear-least-square fitting algorithm. The piezoresistance coefficients as defined by Eq. ͑1͒ are extracted from such a fit after conversion to resistance using Eq. ͑2͒; the same method has been used for adjusting the changes in the geometry of the fiber by other researchers.
9 Table I lists our measurement errors used in the data analysis.
A third-order polynomial or higher is required to fit our data to obtain an acceptable 2 per degree of freedom ( 2 /). An acceptable 2 / is less than 1.5, as suggested by Bevington. 12 We obtained a 2 / of 1.06 for the third-order fit. The result is summarized in Table II . Also included in the summary for comparison is the linear coefficient obtained from Tufte and Stelzer's data 13 on n-type silicon with the same doping level. Our result matches this gold standard of silicon piezoresistive measurement very well.
No comparison of the second-or third-order n-type longitudinal piezoresistive coefficient is shown in Table II because very few results exist, and the results that are published were obtained at low strain ͑below 0.1%͒, where the linear coefficient dominates. For example, at the highest strain value previously published of 0.1%, the second-order contribution to the piezoresistive effect is only about 5%. Extracting the second-order coefficient or higher from the piezoresistance data at these small strain values can produce unreliable results unless extreme care is given to the error analysis. In our analysis, it is adequate to describe the piezoresistance data between 0% to 0.1% strain with a linear fit ͑the linear fit has a 2 / of 1.1 in these strains͒. If one extracts a second-order coefficient from this low strain region, the results are inaccurate due to noise. To illustrate this, we used a second-order polynomial to fit our data in the 0%-0.1% strain region. The second-order polynomial has a slightly ''better'' 2 / of 0.99 as compared to 1.1 for a linear fit. The result from this improper data analysis method is compared in Table III with results from two other longitudinal piezoresistance measurements having strain values of less than 0.1%. Note that for the same set of our piezoresistance data, this yields a second-order coefficient that is significantly different, both in the sign and magnitude for the resistance, as compared to the result from a more proper data analysis presented in Table II . However, this inaccurate result actually matches closely with the published results, as shown in Table III . Matsuda et al. 9 also presented a theoretical model for the second-order coefficients to compare with experimental results, but other researchers have questioned the accuracy of their model. 14 TABLE III. For piezoresistance data at low strain values from 0%-0.1%, a linear fit is an adequate description within the tolerance of measurement errors. Inappropriately fitting data at the low strain values using a secondorder polynomial creates inaccurate results that are confounded by measurement noise. The result from this improper fitting of our data is compared with results from other similar piezoresistance measurement reported in literature. 
